Inhaled Yersinia pestis produces a severe primary pneumonia known as pneumonic plague, which is contagious and highly lethal to humans and animals. In this study, we first determined the susceptibility of Y. pestis KIM6 to antimicrobial molecules of the airways. We found that (i) rat bronchoalveolar lavage fluid (rBALF) effectively killed KIM6 cells growing at 37°C; (ii) the antibacterial components of rBALF were small peptides (<10 kDa) that included two cationic antimicrobial peptides (CAMPs), the rat cathelicidin rCRAMP, and ␤-defensin RBD-1; (iii) the human cathelicidin LL-37 killed KIM6 cells as well as rBALF did; and (iv) the bactericidal property of LL-37 was synergistically amplified by human ␤-defensin 1, another constitutively expressed pulmonary CAMP. Second, the effects of three major surface proteins of Y. pestis, namely, the capsular antigen fraction 1 (F1), the pH 6 antigen (Psa fimbriae), and the outer membrane protease Pla, on the bactericidal effect of the antimicrobial rBALF peptides was determined with corresponding deletion mutants. We showed that (i) a Y. pestis psa mutant was only slightly more susceptible to rBALF than the parental KIM6 strain, (ii) a caf (F1 gene) mutant and a caf psa mutant were resistant to rBALF or LL-37, (iii) a caf pla mutant was as susceptible to the effect of rBALF or LL-37 as KIM6 was (caf ؉ pla ؉ ), and (iv) only the single caf mutant (pla ؉ ), but not KIM6 or the caf pla double mutant, degraded LL-37. The activity of Pla toward LL-37 was confirmed with pla mutants carrying a single-residue substitution affecting plasminogen cleavage. Taken together, our data indicated that Pla might act as a virulence factor not only by processing plasminogen but also by inactivating CAMPs, particularly when F1 is not expressed.
Yersinia pestis is transmitted by fleas or aerosol, causing bubonic or pneumonic plague by infecting regional lymph nodes or the lungs and septicemic plague when local containment is bypassed (45) . Y. pestis uses an arsenal of virulence factors that render its entrance and rapid dissemination into the host as surreptitious as possible. These factors are thought to be most important during the first hours following infection to avoid alarming the innate immune system and to avoid phagocytosis. We recently found that in addition to being antiphagocytic (18, 27) , the capsular antigen fraction 1 (F1) and the pH 6 antigen (Psa) inhibit bacterial uptake by respiratory tract epithelial cells (38) , with the latter protein doing so by interacting with a host receptor that does not direct internalization (21) . In addition, Y. pestis injects several antiphagocytic proteins directly into host cells through its type III secretion system (66) . Some injected type III secretion system effector proteins, such as YopJ/YopP and YopH, have efficient antiinflammatory properties (66) , whereas the importance of the LcrV protein in activating interleukin-10 through Toll-like receptor 2 (TLR2) was recently contradicted (3, 47, 50) . Y. pestis also makes a noninflammatory lipopolysaccharide (LPS) at mammalian body temperature, thereby escaping the typical LPS-induced stimulation of TLR4 (40, 48) . After delivery through a fleabite, Y. pestis quickly spreads to the local lymph node, in a process that is facilitated by Psa and the plasminogen activator protein (Pla) (13) . Pla is a bacterial outer membrane protein that acts as a protease that cleaves plasminogen to plasmin and degrades ␣ 2 -antiplasmin, a plasmin inhibitor (6, 33, 57) . Pla is also a mediator of bacterial binding to extracellular matrix proteins such as laminin (35) . Pla is essential for bubonic plague (but not for septicemic plague) after flea-mediated transmission (53, 57, 68) . Pla is also essential for the development of (but not dissemination of) primary pneumonic plague (36) . Plague lethality is generally assumed to be due to sepsis.
Lung bronchoalveolar space contains a variety of molecules with antibacterial properties, such as lactoferrin, complement, collectins or surfactant proteins, and antimicrobial peptides (AMPs), particularly cationic AMPs (CAMPs), such as cathelicidins and ␤-defensins (37, 67, 70) . Here we investigated the effect of airway antimicrobial molecules on Y. pestis and observed killing effects of rat bronchoalveolar lavage fluid (rBALF), mediated by AMPs. In addition, three surface-exposed bacterial molecules were found to modulate the susceptibility of Y. pestis to rBALF and the human cathelicidin LL-37.
against human LL-37/CAP18 was obtained from Cell Sciences (Canton, MA). The rat cathelicidin rCRAMP, rat ␤-defensin-1 (RBD-1), and polyclonal rabbit antibodies against both peptides were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Bacterial strains and plasmid constructs. Y. pestis strains and plasmids used in this study are listed in Table 1 . Y. pestis strains were grown overnight in brain heart infusion (BHI) broth at 26°C, diluted 1:100 in fresh BHI broth, and cultured overnight at 37°C. Under these conditions, the pH of the spent broth was 6.2 to 6.4, resulting in the expression of both the F1 and Psa structures on the bacterial surface. Appropriate antibiotics were used when required. DSY26 was constructed by allelic exchange, using strain JG153 and plasmid pLS009 (38) . The pla gene was deleted from strain DSY9 to obtain strain DSY85 by using a lambda red recombination system (15) . Briefly, the primer sequences were described previously (36) , and the primers were used to prepare an amplified PCR product for the replacement of the pla gene with a kanamycin cassette. Strain DSY9 carrying the lambda red plasmid pSIM9 (16) was grown to log phase at 26°C, the red recombinase genes were induced for 15 min at 42°C, and the bacteria were transformed by electroporation with the gel-purified amplicons. Kanamycin-resistant recombinants were selected on BHI agar and grown for several cycles in BHI broth containing kanamycin (55 g/ml) to select for bacteria containing only the pPCP1⍀ aphA ⌬pla plasmid. The recombinant strain was cured of pSIM9 by growth of the bacteria overnight at 37°C, and removal of the kanamycin resistance gene was performed as described previously, using plasmid pCP20 (15) . DSY87 and DSY88 were constructed by introducing pPCP1⍀ aphA ⌬pla into JG153 and DSY50, respectively. The constructs were checked by agarose gel electrophoresis, restriction mapping of pPCP1 and its derivatives, PCR, and Pla activity. The in vitro growth rates of the mutants were comparable to that of the parental strain KIM6.
Fractionation of rBALF. The rBALF was separated into two fractions after being centrifuged at 20,000 ϫ g for 1 h. The pellet contained the large surfactant aggregates (phospholipids, SP-A, SP-B, SP-C, and SP-D), whereas all other soluble molecules remained in the supernatant. The latter fraction was subjected to gel filtration high-performance liquid chromatography through a Sephadex-G75 column. For proteinase K treatment of rBALF, the soluble fraction (0.125 mg/ml) was digested for 4 h at 56°C with proteinase K (5 g; Roche Applied Science) in 50 l digestion buffer (10 mM Tris, pH 7.8, 5 mM EDTA). To analyze the reducing effect of dithiothreitol (DTT), rBALF was treated with 10 mM DTT at room temperature for 1 h.
Antimicrobial assays. Bacteria were grown to mid-log phase in BHI broth at 37°C. Twofold serial dilutions of rBALF (or its different fractions), LL-37, ␤-defensin 1, or polymyxin B were added to the bacteria grown in BHI broth to log phase, and the bacteria were diluted to approximately 2 ϫ 10 6 CFU/ml or 2 ϫ 10 7 CFU/ml in round-bottomed wells of 96-well microtiter plates. The plates were incubated on a rotary shaker at 37°C. After a 5-h or overnight incubation, aliquots were removed and serial 10-fold dilutions were plated onto TB (13 g tryptose [Difco], 2.5 g NaCl, 3.0 g Bacto beef extract paste in 1 liter) agar plates. The bactericidal activity was assessed after counting of colonies (CFU) on agar plates and by visual inspection of the growth. The minimal bactericidal concentration (MBC) was defined as the concentration of the antimicrobial at which no visible colonies were seen on the plate. All experiments were performed in duplicate. In some assays, purified F1 protein, isolated by heat extraction from the psa mutant strain DSY13 (38) , or 987P fimbriae (30) were added at the same time as rBALF and were not removed during the incubation period. In other assays, rBALF or LL-37 was incubated with bacteria for 5 h before removal of the bacteria by centrifugation, filtration of the supernatants through 0.2-m membranes, and assay of the filtrates for antimicrobial activity.
Western blotting. For the detection of LL-37 and rCRAMP, samples were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, using a Tris-Tricine discontinuous buffer system. The gels were electroblotted onto polyvinylidene difluoride membranes. Nonspecific binding sites on the membrane were blocked overnight in 5% dry milk. The blots were probed with a mouse monoclonal anti-LL-37 antibody and a goat polyclonal anti-rCRAMP antibody, using horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence for detection.
ELISA. The amount of rCRAMP or RBD-1 in rBALF was determined by enzyme-linked immunosorbent assay (ELISA)-based inhibition assays. For this purpose, 96-well ELISA plates (Immulon 4A; Dynatech Laboratories Inc., Chantilly, VA) were coated with 0.1 g (in 100 l 0.1 M carbonate buffer, pH 9.6) of proprietary carboxy-terminal fragments of rCRAMP (molecular mass of 2.23; approximately 20 amino acids) or RBD-1 (sc-34170 P and sc-10851 P; Santa Cruz Biotechnology, Inc.). The plates were blocked with 5% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) at 37°C for 30 min, washed three times with PBS containing 0.05% Tween 20, and incubated for 1 h at 37°C with donkey polyclonal anti-rCRAMP or anti-RBD-1 antibody (1/8,000 or 1/12,000, respectively, corresponding to the dilution showing 50% antibody binding to the coated peptides). For inhibition of binding, serial twofold dilutions of rBALF or the rCRAMP or RBD-1 fragments were preincubated for 1 h at 37°C with the diluted anti-rCRAMP or anti-RBD-1 antibody in 0.5% BSA. After being washed three times with PBS, the plates were incubated with horseradish peroxidaseconjugated anti-donkey immunoglobulin G for 1 h at 37°C. Following the last washing cycles, bound antibody was detected by using 1-Step Turbo TMB-ELISA (Pierce Biotechnology, Rockford, IL) and reading the absorbance at 450 nm.
Immunoadsorption assay. rCRAMP and RBD-1 were removed from rBALF by immunoadsorption, using the following protocol. Goat anti-rCRAMP antibody (2.0 g) and anti-RBD-1 antibody (2.0 g) were adsorbed onto 60.0 l of protein G magnetic beads (New England Biolabs Inc., Ipswich, MA) by overnight incubation in PBS, pH 7.4, at 4°C. After three washing steps with PBS, beads were blocked with 5% BSA in PBS for 1 h at 4°C. The magnetic beads were then washed three times with PBS and incubated with rBALF (125 g protein) in PBS containing 1% BSA for 3 h at 4°C. The beads were removed, and the supernatant containing the remaining molecules of rBALF was assessed for antimicrobial activity. As a negative control, the unrelated goat anti-mouse immunoglobulin G antibody (4.0 g) was adsorbed onto protein G magnetic beads as described above, and those beads were incubated with rBALF. The antimicrobial activity against Y. pestis KIM6 was determined by colony counts (CFU) after 5 h of incubation with untreated or rBALF-treated (2.5 g/ml) bacteria. The percentage of antimicrobial activity was calculated by normalizing to 100% the antimicrobial activity of untreated rBALF.
Plasminogen activation. Measurement of plasminogen activation was done as described by Kukkonen et al. (33) . Briefly, 2 ϫ 10 6 bacteria grown in BHI broth at 37°C were resuspended in PBS and incubated with 4 g of human Gluplasminogen and the chromogenic plasmin substrate Val-Leu-Lys-p-nitroanilide (0.45 mM) in a total volume of 200 l at 37°C. Breakdown of the chromogenic substrate was measured at 405 nm for 30 min to 6 h. KIM6 was significantly inhibited when bacteria were grown overnight at 37°C in the presence of rBALF ( Fig. 1 ). The antimicrobial activity was present exclusively in the soluble fraction of rBALF. The rBALF and the soluble fraction of rBALF were bactericidal since they reduced bacterial counts of the inoculum 100-to 1,000-fold. Survanta, a commercially available surfactant extract from bovine BALF, did not affect bacterial growth. This extract is reported to lack only the hydrophilic SP-A. Therefore, assuming that the hydrophobic surfactant proteins SP-B and SP-C are effectively present in Survanta, our data indicate that these proteins do not affect Y. pestis, despite their antibacterial and/or LPS-binding properties (4, 51) . To characterize the antimicrobial molecules present in rBALF, the soluble fraction was subjected to gel filtration chromatography. Only the fractions corresponding to peptides smaller than 10 kDa had an inhibitory effect on Y. pestis, reducing bacterial counts by over a millionfold ( Fig. 2A) . The antimicrobial components of rBALF were proteinase K sensitive, confirming that they were of a proteinaceous nature. Y. pestis is susceptible to the pulmonary CAMPs cathelicidin LL-37 and rCRAMP. The cathelicidins and defensins are considered to be the major AMPs for host lung defense and are detectable in BALF (2, 37) . A cathelicidin (LL-37 in humans and rCRAMP in rats) and ␤-defensin 1 (RBD-1 in rats) are both expressed constitutively in rodent lungs and human respiratory tract epithelial cells, with LL-37 being expressed specifically by pneumocytes (28, 37, 61, 67) . In this study, the antimicrobial activity of the isolated small-peptide fraction of rBALF was not affected by DTT (data not shown), a treatment previously shown to disrupt the disulfide bridges of the defensins (31, 60) . Moreover, the killing effect was still present when the bacteria were grown in RPMI (data not shown), a tissue culture medium containing salts at concentrations known to inhibit the antimicrobial properties of ␤-defensins (52) . The possibility that BALF activity on Y. pestis might involve cathelicidin was consistent with previous reports indicating that the inhibitory activities of mammalian cathelicidins, including LL-37 and rCRAMP, are generally less sensitive to high salt concentrations than those of ␣-and ␤-defensins (61, 62) . By investigating the activities of these CAMPs, commercially available synthetic LL-37 at a concentration of 40 g/ml was found to efficiently kill Y. pestis KIM6 ( Table 2 ). The same concentration of human ␤-defensin 1 did not demonstrate significant killing. However, a synergistic bactericidal activity was observed when both molecules were used together. Further comparative studies were undertaken with rBALF. Western blot analysis confirmed the presence of rCRAMP in rBALF (Fig. 2B) . ELISA-based inhibition assays indicated that 10% and 0.5% of the rBALF proteins consisted of rCRAMP and 6 CFU/ml) was grown overnight at 37°C in the presence of the rBALF total fraction (6.4 g/ml protein), rBALF supernatant (small surfactant aggregates plus soluble molecules; 2.5 g/ml protein), rBALF pellet (large surfactant aggregates; 43 g/ml protein), or Survanta (bovine lung surfactant; diluted 1:100). Each bar represents the mean Ϯ standard error for four independent experiments.
RESULTS rBALF contains antimicrobial molecules that kill

FIG. 2. Presence of antimicrobial peptides in rBALF. (A) rBALF
proteins separated by gel filtration chromatography (G75) and tested for antimicrobial activity against Y. pestis KIM6. Peak fractions were grouped as indicated and tested for their antimicrobial properties as described in the legend to Fig. 1 , using the following protein concentrations: Ͻ1 g/ml protein (fractions 1 to 4), 4.2 g/ml protein (fractions 9 to 12), 2.3 g/ml protein (fractions 14 to 16), and 3.3 g/ml protein (fractions 21 to 24). Proteinase K treatment was done at 37°C for 4 h. n. 2C and data not shown). The contributions of the two antimicrobial peptides to the antimicrobial activity of rBALF toward Y. pestis were determined by removing them individually or together, using anti-RBD-1 and -rCRAMP antibodies adsorbed onto magnetic beads. Removal of RBD-1 showed no significant effect on the antimicrobial activity of rBALF (23.0% Ϯ 1.5% decrease [mean Ϯ standard error]; n ϭ 3) compared to the control, using a nonspecific antibody (22.5% Ϯ 2.4% decrease). In contrast, removal of rCRAMP alone or together with RBD-1 resulted in significant losses of antimicrobial activity (decreases of 61.0% Ϯ 4.7% and 64.4% Ϯ 6.5%, respectively). The fact that a significant synergistic loss of antimicrobial activity could not be detected after removing both rCRAMP and RBD-1 was not surprising, since the concentration of RBD-1 was 20 times lower than that of rCRAMP in rBALF. Taken together, our results strongly suggest that the cathelicidins LL-37 and rCRAMP are major antimicrobials against Y. pestis in the respiratory tract. The data also indicate the presence of other uncharacterized antimicrobial molecules. The detected synergistic activity of LL-37 with ␤-defensin 1 might be relevant for in vivo situations where inflammatory conditions activate the expression of certain antimicrobial peptides, including ␤-defensins.
F1 facilitates the activity of CAMPs against Y. pestis. The possibility that the surface-exposed Psa or F1 protein has an effect on the growth and survival of rBALF-treated Y. pestis was analyzed by growing bacteria under conditions that allow the expression of Psa and F1 (BHI medium buffered to pH 6 at 37°C). Y. pestis expressing Psa was approximately 10 times less susceptible to the bactericidal effect of rBALF than the isogenic psa mutant strain (Fig. 3) , suggesting that Psa partially protects bacteria against AMPs. trans-Complementation of the psa mutant with plasmid pCS267 resulted in Psa expression and lowered the killing effect of rBALF to wild-type levels. Surprisingly, the caf mutant and the psa caf double mutant were approximately 100,000 times more resistant to the effect of AMPs from rBALF than the isogenic strains expressing F1. Complementation of the caf mutant with the caf-containing plasmid pCS331 rendered Y. pestis again susceptible to the killing effect of rBALF (Fig. 3) .
In a time course study, Y. pestis F1 ϩ was gradually killed by rBALF over time, with the number of bacteria being reduced by about 4 to 5 log after 24 h (Fig. 4A) . In contrast, Y. pestis F1 Ϫ was able to multiply further in the presence of rBALF, albeit not as well as in the absence of rBALF. The addition of increasing amounts of rBALF to the bacterial culture had a significantly stronger killing effect on the F1-expressing bacteria than on the isogenic caf mutant (Fig. 4B) . At the highest concentration of rBALF tested (15 g/ml protein), the killing effect reduced the number of live Y. pestis F1 ϩ cells by 6 log after 8 h, whereas the number of Y. pestis F1 Ϫ cells had diminished by only 1.3 log by then. Comparable effects to those shown in Fig. 4 were obtained using 10-fold higher inocula (data not shown). These results showed that F1 renders Y. pestis sensitive to the action of the AMPs present in rBALF.
To determine whether F1 increased the susceptibility of Y. pestis by directly interacting with antimicrobial molecules, purified soluble F1 protein was added to a mixture of bacteria and rBALF. The addition of F1 protein did not modify the resistance of the Y. pestis caf mutant to the antimicrobial activity of rBALF (Fig. 5, bottom panel) and only slightly inhibited the killing of F1-expressing Y. pestis at the highest tested concentrations (Fig. 5, top panel) . Similar amounts of the unrelated fimbrial protein 987P did not affect the antimicrobial activity of rBALF. These results indicated that F1 had to be expressed by the multiplying bacteria to exert its sensitizing effect with the AMPs of rBALF and that the latter molecules were not rendered potent by the presence of extraneous F1 protein.
Pla degrades CAMPs. Since F1 needs to be expressed autogenously for its sensitizing effect with antimicrobial molecules, F1 might direct access of the antimicrobials to the site of action on Y. pestis, namely, the outer membrane. Alternatively, F1 might act indirectly by hindering access of antimicrobials to FIG. 3 . Effects of Psa and F1 expression on survival of Y. pestis exposed to BALF. The bactericidal effect of rBALF supernatant was assessed as described in the legend to Fig. 1 . Wild-type Y. pestis KIM6 (bar 1) or isogenic psa (bar 2), caf (bar 3), and psa caf (bar 4) mutants were tested. For complementation studies, the psa strain was complemented with pCS267 (a plasmid expressing Psa) (bar 6) or the empty vector pBR322 (bar 5), and the caf strain was complemented with pCS331 (a plasmid expressing F1) (bar 8) or the empty vector pLG339 (bar 7). Each bar represents the mean Ϯ standard error for three independent experiments.
FIG. 4. Time course and dose-response curves of rBALF antimicrobial activity to Y. pestis. Y. pestis KIM6 (F1
ϩ ; circles) or its isogenic caf mutant (F1 Ϫ ; squares) was grown at 37°C in the presence (filled symbols) or absence (empty symbols) of rBALF supernatant (2.5 g/ ml), and survival was assessed at different time points (A) or the bacteria were grown in the presence of increasing concentrations of rBALF for 8 h (B). Comparable effects to those shown here (approximately 2 ϫ 10 6 CFU/ml at time zero) were obtained using 10-fold higher inocula (data not shown Both pla mutants were as susceptible as strain KIM6 to the AMPs of rBALF and to the cathelicidin LL-37 ( Table 3 ), confirming that Pla was involved in the observed resistance of Y. pestis caf to AMPs, including LL-37. Interestingly, polymyxin B, a cyclic AMP, had the same bactericidal activity over all the strains tested, indicating that Pla exerted no inhibitory effect on this antibiotic. To determine whether the proteolytic activity of Pla was responsible for its inhibitory effect on rBALF and its AMPs, further studies were undertaken with Pla active-site mutants. For this purpose, the Y. pestis psa caf pla triple mutant DSY88 was transformed with a plasmid expressing the wild-type Pla protein (pMRK1) or expressing Pla proteins that had been mutated in their active sites (pMRK1H101V or pMRK1D206A). Plasmid pMRK1 caused an increased resistance of the Y. pestis psa caf pla triple mutant to rBALF, confirming that Pla could be complemented in trans for its antimicrobial inhibitory activity on the AMPs (Fig. 6 ). In contrast, the two plasmids carrying mutated pla genes demonstrated the same level of susceptibility to rBALF as the parental strain lacking these plasmids. This result indicated that the inhibitory effect of Pla on the AMPs of rBALF depended upon the proteolytic activity of Pla. As expected, strain DSY88 carrying pMRK1 showed similar levels of plasminogen activation to that of the Pla-expressing strain DSY14, whereas no plasminogen activation was detected with DSY88 containing pMRK1H101V or pMRK1D206A (data not shown). Bacterial viability was not affected by any of the plasmids used.
An additional experiment was undertaken to further investigate the proteolytic activity of Pla on an AMP and to determine whether F1 inhibits the activity of Pla, as predicted. For this, the cathelicidin LL-37 was exposed to strains with one of three phenotypes, namely, F1
ϩ Pla ϩ , F1 Ϫ Pla Ϫ , or F1 Ϫ Pla ϩ . After 5 h of exposure, the bacteria were removed by centrifugation and the supernatant was inspected for its bactericidal activity on Y. pestis KIM6 (F1 ϩ Pla ϩ ). Only LL-37 preincubated with Y. pestis F1 Ϫ Pla ϩ lost its ability to kill Y. pestis KIM6 (Fig. 7A) . Western blot analysis of the supernatant showed a significant decrease of LL-37 only after the preincubation step with Y. pestis F1 Ϫ Pla ϩ (Fig. 7B ). These data confirmed that the proteolytic activity of Pla on AMPs such as LL-37 is responsible for the increased resistance of Y. pestis strains lacking the F1 protein. The F1 protein was also shown to inhibit the degradation of LL-37 by Pla. Curiously, the activation of plasminogen by Pla was not considerably affected by the expression of F1 on the bacterial surface (data not shown), indicating that the F1-mediated inhibition of Pla activity was specific for the AMPs of rBALF and for LL-37.
DISCUSSION
Y. pestis is an agent that can survive on the epithelium of the respiratory tract or in the various skin layers after being deposited by aerosol or by a fleabite, respectively, before it initiates its invasive pathogenesis. Both environments contain antimicrobial molecules of the innate immune system. For this study, we wondered how Y. pestis resists the attack of these host factors in the respiratory tract. The effect of rBALF on the 6 CFU/ml) were grown for 5 h at 37°C in the presence of rBALF supernatant (2.5 g/ml). DSY13 is a psa mutant strain, DSY14 is a psa caf mutant, and DSY88 is a psa caf pla mutant. Plasmid pMRK1 allowed the expression of an active Pla as a protease, whereas pMRK1H101V and pMRK1D206A directed the expression of an inactive form of Pla. Each bar represents the mean Ϯ standard error for three independent experiments. growth or survival of Y. pestis was used to evaluate the earliest type of interactions at the initiation of the infectious process. As predicted, rBALF could kill Y. pestis KIM6. The bactericidal molecules of rBALF were identified as small peptides. This result was consistent with the literature, since AMPs are ubiquitous components of the innate immune response and exhibit broad-range antimicrobial activities against gram-positive and gram-negative bacteria, fungi, parasites, and enveloped viruses (9) . We further showed that our active rBALF fraction contained the cathelicidin rCRAMP and RBD-1, with the latter molecule being detected at a 20 times lower concentration than the former one. Similar to these two CAMPs, a corresponding cathelicidin and a ␤-defensin 1 were previously described to be expressed constitutively in human lungs. Among various mammalian cathelicidins, the human and rat peptides are most similar in terms of antimicrobial properties (62) , supporting the relevance of our findings with rBALF for humans. Indeed, the bactericidal effect of rBALF on Y. pestis could be reproduced with the human cathelicidin LL-37 but not with human ␤-defensin 1, although the latter CAMP synergistically amplified the effect of LL-37. Thus, even though the inhibitory concentration of rBALF proteins was lower than that of LL-37 for Y. pestis, synergistic activities with other antimicrobial peptides, such as ␤-defensin 1, might explain our result. A literature review indicated that the inhibitory concentrations of LL-37 described here are in the expected range (19) . CAMPs are produced by epithelial cells and are part of the phagocytic vacuole microbicidal mechanism. The pulmonary and alveolar microenvironment of an inhaled Y. pestis organism is expected to contain much higher concentrations of CAMPs than BALF does, and even more so when an inflammatory reaction that increases their expression is activated. Further studies were aimed at determining the potential modulating effect of the F1 and Psa proteins of Y. pestis. These two homopolymeric structures, which are exported by their respective chaperone-usher systems, cover the bacterial surface and might potentially serve as a protective layer against antimicrobials. Although rBALF was bactericidal for Y. pestis KIM6, it was surprising to find that this activity, which was barely inhibited by Psa, required the presence of the F1 protein on the bacterial surface. Investigations with isogenic mutants that lacked F1, Pla, or both indicated that Pla was responsible for the resistance of Y. pestis F1
Ϫ to the antimicrobial molecules of rBALF. The fact that the proteolytic activity of Pla was responsible for this property was demonstrated with two pla mutants that had single amino acid substitutions known to affect only the enzymatic activity of Pla, with one of the mutations being in the active site. Moreover, adding the CAMP LL-37 to Y. pestis F1 Ϫ Pla ϩ resulted in a decreased amount and reduced inhibitory activity of the peptide in the supernatant. These results strongly suggested that AMPs, which are effective against Y. pestis F1 ϩ , are Pla substrates in Y. pestis F1 Ϫ , although an indirect effect involving intermediary factors cannot be ruled out.
The fibrinolytic activity of Y. pestis was originally linked to a plasmid, mapped, and characterized as the activity of an outer membrane protein designated Pla that cleaves plasminogen to plasmin (6, 55, 57) . The Pla protease is an essential virulence factor for the invasion and dissemination of Y. pestis from the periphery. Although Pla was known to have additional substrates, such as the C3 complement factor and ␣ 2 -antiplasmin (33, 57) , the identification and characterization of its proteolytic inactivation of CAMPs herein are novel. Pla belongs to a family of outer membrane aspartate proteases, designated omptins, in Enterobacteriaceae (32, 64) . Sequence particularities determine the differential substrate specificities of omptins. For example, the Salmonella omptin PgtE, unlike the Escherichia coli omptin OmpT, cleaves plasminogen to plasmin well, albeit 1,000 times less efficiently than Pla does (23, 32, 56) . Access of plasminogen to omptins such as Pla and PgtE is inhibited by the addition and lengthening of the LPS O-chain repeats, respectively (34, 46) . Y. pestis has a rough-type LPS that lacks an O-specific chain (54) , resulting in efficient plasminogen activation by Pla. The inhibitory property of the LPS O chain on plasminogen cleavage by omptins can be compared to the inhibitory property of the F1 structure on the inactivation of CAMPs by the proteolytic activity of Pla, as described in this study. Surprisingly, the presence of F1 did not interfere with the activity of Pla on plasminogen, indicating substratespecific interference of F1 on Pla. This specificity could not be due to different active sites on Pla, since a substitution mutation inactivating the enzymatic site of Pla for plasminogen cleavage also affected the inactivation of LL-37 or CRAMP. OmpT and PgtE cleave preferentially between two basic amino acid residues (14, 17) , explaining why CAMPs such as cathelicidins, with their repeated pairs of Arg and/or Lys residues, are optimal targets for these omptins (24, 59) . The efficiency (k cat /K m ) of OmpT for a peptide with an Arg2Arg cleavage site was fourfold better than that for a similar peptide with an Arg2Val cleavage site (42, 65 (43) . The results of these studies, which were done at 21°C to 28°C, were later found to be temperature dependent, with resistance to CAMPs being significantly lower at 37°C (48) . This temperature-dependent decrease of resistance to CAMPs was originally attributed to a modified LPS, consisting predominantly of molecules with increased levels of tetra-acylated lipid A lacking C 12 and C 16:1 acyl groups. Surprisingly, later studies showed that mutants that lacked the corresponding acyltransferase genes (msbB and lpxP, respectively) did not significantly affect the susceptibility to cecropin A (49), suggesting that another temperature-dependent modification of LPS or another factor was responsible for the observed temperature effect. Our results identified two other factors involved, namely, Pla and F1. At a lower temperature, when the F1 protein is not (or very poorly) expressed, Pla is still present and proteolytically active on a linear CAMP such as LL-37, explaining the resistance toward similar linear CAMPs. In contrast, at 37°C, F1 is expressed and inhibits Pla, rendering Y. pestis more susceptible toward LL-37. Interestingly, Pla did not affect polymyxin B susceptibility at the lower temperature. It was suggested that Pla cannot cleave polymyxin B because of the cyclic structure of this antibiotic, the nature of the basic residues, which are five ␣,␥-diaminobutyric acid residues out of a total of 10 amino acids, and/or the presence of an attached fatty acid. This is consistent with the reported polymyxin B resistance of Y. pestis, which was previously found to result from the addition of 4-aminoarabinose to the lipid A of Y. pestis LPS at growth temperatures near 25°C or from the activation of the PhoPQ and PmrAB two-component regulatory systems (48, 69) .
CAMP inhibition by Pla at temperatures near 25°C might be important in the flea gut environment, which most likely includes CAMPs, as described for a variety of insects (8, 11) . Interestingly, the blood used to feed and infect fleas under laboratory conditions must contain high concentrations of Y. pestis (ϳ5 ϫ 10 8 CFU/ml) to achieve infection of a majority of fleas (25) . Since the blood meal of a flea averages ϳ0.5 l per meal, probably every 4 to 5 days (12), a flea meal needs to contain ϳ2.5 ϫ 10 5 bacteria to ensure 100% infection. This indicates that Y. pestis cells that are ingurgitated from bacteremic mammals cannot survive or multiply successfully in the flea digestive tract if they do not amount to the tens if not hundreds of thousands. Considering that the intravenous or subcutaneous 50% lethal dose is Ͻ10 for mice (63) , one has to assume that Y. pestis coming from mammalian blood (37°C) is not ready for the novel environment of the flea digestive tract (ambient temperature). We suggest that in the early stage of Y. pestis infection of fleas, the F1 protein is still present, rendering bacteria susceptible to CAMPs of the flea gut (10, 26) . Stochastic variability in gene expression might favor the presence of a few cells that express less or no F1 in a large population of Y. pestis cells grown at 37°C (29) . Thus, the ingestion of a great number of bacteria by fleas would permit the few cells that express little F1 to survive and replicate successfully, thanks to Pla. At a later stage, survival in the flea gut and blockage of the proventriculus require the hms genes, which are expressed at ambient temperature and involved in biofilm formation (26) . At this stage of flea infestation, Pla would become superfluous, consistent with previous findings showing that Pla was dispensable for Xenopsylla cheopis flea blockage after fleas were fed with blood containing 5 ϫ 10 8 Y. pestis cells per ml (25) . Although Y. pestis grown at 37°C in vitro expresses F1 and is sensitive to CAMPs, this bacterium is known to multiply well extracellularly in mammals, despite expressing F1. This suggests that CAMPs are not present in sufficient amounts to kill the bacteria or that these peptides are inactivated extracellularly. The former possibility is unlikely, since Y. pestis multiplies efficiently to high numbers in mammalian lungs during pneumonic plague, despite the influx of large numbers of polymorphonuclear cells and the concomitant expression and probable release of CAMPs by these cells. An alternative explanation for the in vivo resistance of Y. pestis to CAMPs might be the activation of novel bacterial resistance genes (5, 41) . Oligopeptide transporters have been shown to be involved in bacterial resistance to CAMPs in Enterobacteriaceae and other gram-negative bacteria (39, 44) . It is thought that these transporters "inactivate" the membrane-active CAMPs by directing them to the bacterial cytoplasm, where they are inactivated by proteases. Whether such transporters play a role in Y. pestis resistance to CAMPs remains to be studied.
